Temperature-induced changes in the decay of the light-induced proton gradient of chloroplast thylakoids isolated from chilling-resistant and chilling-sensitive plants have been examined. In the presence of N-methylphenazonium methosulfate, the thylakoids isolated from chilling-resistant barley (cv. Kanby) and pea (cv. Alaska) and chilling-sensitive mung bean (cv. Berken) plants showed temperature-induced changes at approximately 8.6, 13.3, and 14.0 C, respectively. Barley thylakoids assayed in the presence of sodium thiocyanate also showed a change at 8.6 C, whereas with no addition or upon the inclusion of both N-methylphenazonium methosulfate and sodium thiocyanate the change occurred at approximately 11.5 C.
sitive plants (4, 9, (12) (13) (14) 21) . Although the presence or absence of temperature-induced changes in mitochondrial membranes correlates with the chilling-sensitivity or resistance, respectively, of the plant species from which the mitochondria were isolated, the results obtained using chloroplast membranes do not show such a straightforward correlation. Additionally, the interpretation that such changes in function are due to temperature-induced changes in lipid ordering per se has recently been questioned (16) .
In addition to temperature-induced changes in Ea for membrane-associated activities, it was proposed that a further consequence of the change in lipid ordering in membranes of chillingsensitive plants is an increase in permeability (7, 17) . There have been few reports of the effect of temperature on the permeability of isolated plant membranes; most permeability studies have involved relatively long-term experiments utilizing tissues or tissue segments (7, 15) . Here, changes in Ea for the decay of the lightinduced proton gradient are shown. They are shown to occur for chloroplast thylakoids isolated from both chilling-sensitive (mung bean) and chilling-resistant (barley and pea) plants. Moreover, the changes are shown to occur at temperatures approximating those at which changes in Ea for electron transport activity are observed.
The growth and survival of many plants, chilling-sensitive species, are deleteriously affected by exposure to nonfreezing temperatures below approximately 10 to 15 C (for reviews see 7, 17, 18) . In contrast, chilling-resistant species are capable of growth at temperatures slightly above 0 C. Mitochondrial membranes isolated from chilling-sensitive species showed an increase in Ea2 for respiratory enzymes (8) and a decrease in lipid fluidity detected by spin-label motion (19) at temperatures below those which affect the growth of the plants. Such changes were absent in mitochondrial membranes isolated from chilling-resistant species (8, 19) . Primarily on the basis of these observations it was proposed that the primary event affecting the growth of chilling-sensitive species is a thermally induced change in the lipid ordering of the various cellular membranes (7, 17, 18 Leaves were harvested after 6, 7, and 11 days of growth of mung bean, barley, and pea seedlings, respectively.
Chloroplast Isolation. Chloroplasts were isolated (at 0-4 C) in a medium of 50 mm S0rensen's phosphate buffer (pH 7.4), 50 mM NaCl, and 0.5% (w/v) BSA. DTT at 10 mm and 1% (w/v) Polyclar AT were also included in the medium used for isolating mung bean chloroplasts. Leaf segments were blended for four periods of 5 s each using speed setting three of a domestic seven speed blender (Oster Corp. Model 847). Chloroplasts were isolated from the homogenate as previously described (14) except for the composition of the medium used to wash the chloroplasts. The chloroplasts were first washed in a medium of 3 mM Hepes (pH 7.0), 300 mm sorbitol, and 3 mM MgCl2. They were then washed and resuspended in a medium of 1 mm Hepes (pH 7.0), 100 mM sorbitol, and 1 mIM MgC12. The reaction mixture (minus chloroplasts) was preequilibrated to the required temperature. The chloroplasts which had been stored at 0 C were added to the reaction mixture and incubated for 2 min prior to assay. Measurements of proton efflux were conducted upon turning off the actinic light after a 2.5-min period of illumination of the reaction mixture. Determinations of lines of best fit through the data points in the Arrhenius plots presented were determined using a least-squares regression analysis (2) . Chl was determined according to the method of Arnon (1) . Figure 1 . Reaction rates were determined by measuring acidification of the reaction mixtures accompanying ferricyanide reduction. The uncoupler gramicidin D was included in the reaction mixtures as it has been shown previously that temperature-induced changes in electron transport are not observed at low temperatures in these plants when electron transport is rate-limited (12) (13) (14) . Figure IA shows that a change in Ea of electron transport activity of barley thylakoids occurs at approximately 10.3 C. (The temperature cited for a temperature-induced change is an approximation and is the temperature midway between the two straightline segments.) This temperature is close to that at which several electron transport activities showed a temperature-induced change in Ea when thylakoids from a different variety of barley were utilized (14) . Table I (12, 13) . A change in Ea for electron transport by mung bean thylakoids occurs at approximately 12.9 C (Fig. IC) . This temperature is somewhat lower than that at which thylakoids from a different variety of mung bean showed a temperature-induced change in Ea of electron transport activity (13) .
RESULTS

Effect of
The close correlation between the data presented and that previously reported (12) (13) (14) atures the rate increases with increasing temperature. The change in Ea for efflux occurs at a temperature close to that at which a change in Ea occurs for electron transport by barley thylakoids ( Fig. IA; Table I ) (14) . Figure 2B presents data for the temperature dependence of the rate of proton efflux in the presence of 20 /IM PMS. In the presence of PMS, the efflux shows the same general features of temperature dependence which are observed in its absence ( Fig. 2A) . In the presence of PMS the rate of efflux is faster at any given temperature and the change in Ea occurs at a somewhat lower temperature, approximately 8.6 C, compared to when PMS is absent ( Fig. 2A ; Table I ).
The chaotropic anion SCN-has been reported to alter the temperature dependence of proton efflux from spinach thylakoids at low temperature (23) . Data showing the effect of 5 mm NaSCN on proton efflux from barley thylakoids in the absence and presence of PMS are presented in Figure 3 . In the absence of PMS, NaSCN appears to have little effect on the rate of efflux (cfJ Fig. 2A and 3A) . However, the change in Ea occurs at approximately 8.6 C which, although somewhat lower than in the absence of NaSCN ( Fig. 2A ; Table I ), agrees with the temperature at which a change in Ea is observed in the presence of PMS ( Fig.  2B ; Table I ). In the presence of PMS the addition of NaSCN accelerates the rate of proton efflux (cf Figs. 2B and 3B) and the temperature at which the change in Ea occurs is shifted up to approximately 11.5 C (cf. Figs. 2B and 3B; Table I ) which is the temperature at which a change in Ea occurs with no addition to the basic reaction mixture ( Fig. 2A ; Table I ). Figure 4 presents data showing the temperature dependence of proton efflux from isolated pea and mung bean thylakoids in the presence of PMS. In both cases a temperature-induced change in Ea occurs. The change occurred at approximately 13.3 C for pea thylakoids ( Fig. 4A ; Table I ) and 14.0 C for mung bean thylakoids ( Fig. 4B ; Table I ). In both instances the change in Ea for efflux occurs at a temperature relatively close to where a respective change in Ea occurs for electron transport (Table I; 12, 13) . Compared to barley the efflux from pea and mung bean thylakoids shows a greater temperature dependence at temperatures below where the change in Ea occurs (Table I) .
DISCUSSION
The data presented clearly demonstrate the existence of temperature-induced changes in proton efflux from isolated chloroplast thylakoids (Figs. 2-4) . These changes, which occur in the range ofchilling temperatures, are exhibited by thylakoids isolated from both chilling-resistant, barley and pea, and chilling-sensitive, mung bean, plants. These temperature-induced changes in proton efflux occur at temperatures approximating those at which temperature-induced changes in electron transport occur (Table I; [12] [13] [14] . This close correlation supports the previous conclusion that temperature has a generalized effect on chloroplast thylakoid membranes (12) .
The data presented are taken to signify that temperature has a marked effect on the permeability of chloroplast thylakoid membranes. The apparent activation energy values for temperatures below the change in slope indicate that the light-induced proton gradient is being dissipated by diffusion; this is particularly evident for isolated barley thylakoids, in which case the properties of the permeability barrier are very insensitive to any further reduction in temperature (Table I ). At present, there is no reason to presuppose that the proton gradient is dissipated by a mechanism other than diffusion at temperatures above the change in slope. This is in contrast to the suggestion by Yamamoto and Nishimura (24) that the efflux of protons involves both diffusion and electron transport in the dark. Their proposal was based on the observation that a temperature-induced change in proton efflux from spinach thylakoids occurred at approximately 20 C in the absence but not in the presence of PMS. It was suggested that PMS may eliminate the temperature-induced change by either accelerating electron transport through the rate-limiting step or by circumventing the rate-limiting step. In the present report, however, a temperatureinduced change in proton efflux is observed to occur in both the presence and absence of PMS (Fig. 2) . As shown for barley thylakoids, PMS appears to have little effect on proton efflux although the temperature-induced change occurs at a somewhat lower temperature in its presence compared to in its absence (cf Fig. 2B to 2A) . The temperature-induced change also occurs at a lower temperature in the presence of the permeant anion SCN- (Fig. 3A) . However, in the presence of both PMS and SCN-, the 0.9 . Plant Physiol. Vol. 67, 1981 change occurs at the same temperature as when both are absent (cf. Fig. 3B to 2A) . It seems that in the presence of either PMS or SCN-that the temperature response of the thylakoid membranes is somewhat altered, but when both are present their individual effects are canceled out. Further investigation is required to determine the significance of these observations. Yamamoto and Nishimura (23) also observed an additional temperature-induced change in proton efflux from spinach thylakoids at approximately 8 C which is qualitatively very similar to those reported here. On the basis of experiments utilizing either 10% glycerol (which shifted the break to a higher temperature) or 5 mm SCN-(which eliminated the break), it was concluded that this temperatureinduced change was due to a change in the amount or properties of structured water at the surface of the membrane, rather than being brought about by a temperature-induced change in membrane properties (23) . Although the effect of these reagents has not been studied in detail, it is apparent that the chaotropic reagent SCN-at a concentration of 5 mm has no significant effect on proton efflux from barley thylakoids ( Figs. 2 and 3 ; Table I ).
The effect of temperature on the permeability of thylakoids has been studied indirectly by determining the temperature-dependence of the decay of light-induced absorption changes at 515 or 520 nm. Graeber and Witt (3) observed a temperature-induced decrease in Ea at temperatures below approximately 22 C for the decay of the flash-induced A change at 515 nm of spinach chloroplast thylakoids. This change was interpreted as arising from a change in the mechanism of ion permeation due either directly or indirectly to a phase transition of the membrane lipids.
Yamamoto and Nishimura studied the decay of the 515 nm change of spinach thylakoids after continuous illumination (22) . The decay showed first order kinetics above 15 C, whereas below this temperature it was composed of fast and slow components. A decrease in Ea occurred at temperatures below approximately 11 C for the slow component, whereas the fast decay component showed a constant Ea. Evidence was presented indicating that the slow component is due to a structural change of the thylakoid membranes (22) . This structural change presumably may be related to the altered proton efflux kinetics observed below approximately 18 C for spinach thylakoids (24) . The results of the studies by Graeber and Witt (3), and Yamamoto and Nishimura (22) are in agreement with numerous other studies of isolated spinach thylakoids which have shown the occurrence of temperature-induced changes in electron transport activities (4, 9, 12) , proton efflux (24) , photophosphorylation (9) , decay of atebrin fluorescence (6), and delayed light emission (5). The above results indicate that temperature has a generalized effect on the properties of thylakoids isolated from chilling-resistant spinach plants.
Murata and Fork (10) have investigated the decay of the 520 nm absorption change of leaves from Tidestromia oblongifolia, chilling-sensitive tomato and bean, and chilling-resistant lettuce and spinach plants. The decay kinetics for leaves of T. oblongifolia were monophasic at temperatures above 10 C, whereas below this temperature fast and slow components existed. Analysis of the decay kinetics for leaves of tomato, bean, lettuce, and spinach showed the presence of only the slow component. Arrhenius plots of the dark decay of the slow component showed changes in Ea at approximately 5, 10, and 15 C for leaves of T. oblongifolia, tomato, and bean, respectively. In contrast, no temperature-induced changes in Ea were observed for leaves of lettuce and spinach. Fork and Murata concluded that a phase change occurred in the membranes of T. oblongifolia, tomato, and bean, which was regulating the dissipation of the ion gradient established across the thylakoid membranes during illumination. Whereas the change in 520 nm decay kinetics for T. oblongifolia is related to a phase change of the membrane lipids as indicated by fluorescence data (10) , data obtained by this technique have been presented indicating no phase change in tomato (11) and bean (5, 11) as well as in lettuce (1 1) and spinach (5, 1 1). Although ion flux across thylakoid membranes is undoubtedly different in vivo from that in vitro, it is puzzling that the decay of the 520 nm absorption change of spinach leaves does not show the temperature-induced changes which are observed in the decay of the 515 nm change of isolated spinach thylakoids (3, 22) . It is apparent from the above discussion that temperatureinduced changes occur in the permeability and activities of thylakoid membranes. Although discrepancies exist which need to be resolved, the available data do not indicate that there is any fundamental difference between the temperature response of thylakoid membranes isolated from chilling-sensitive and from chill-*ing-resistant plants. Further work is required to establish the relationship of temperature-induced changes in chloroplast membranes to the phenomena of chilling-sensitivity and resistance and to determine the causal agent of the temperature-induced changes.
